The exchange coupling and its training effect are studied as a function of the ferromagnetic layer magnetization by using various ferromagnet/FeMn bilayers with ferromagnetic materials Ni, Ni 81 Fe 19 , Ni 50 Fe 50 , Co, and Fe. The exchange coupling energy J ex increases with increasing M FM as J ex ϰͱM FM . The training effect of the exchange field is related to both the ferromagnet magnetization and the magnetization reversal mechanism. For ferromagnet/FeMn bilayers with similar magnetization reversal mechanisms, the relative change of the exchange field decreases with increasing magnetization in an exponential manner. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1517711͔
The ferromagnet ͑FM͒/antiferromagnet ͑AFM͒ exchange coupling has been studied extensively because of its intriguing physics and important applications in giant magnetoresistance devices. 1, 2 The hysteresis loop of the pinned FM layer will be shifted away from zero field by an amount known as the exchange field H E , accompanied by an enhanced coercivity H C , if the sample experiences a standard field-cooling process. 3, 4 The characteristic of the exchange coupling depends on the constituent layer materials, their thicknesses, and on temperature. Very recently, the FM magnetization was proved to have a strong effect on the exchange coupling energy in FM/CoO and Co-Ni/FeMn bilayers. 5, 6 For the FM/CoO bilayers, the effect was argued to result from a super-exchange interaction. However, this is not true for Co-Ni/FeMn bilayers. Therefore, more experiments are required to prove the universality of this effect.
In order to suppress the training effect of the exchange bias, it is essential to study its dependencies on the constituent layer materials and their thicknesses. Although the dependencies of the training effect on the FM and AFM layer thicknesses have been studied, 7 the understanding of the training effect remains unsatisfactory. There are no reports on the effect of the FM magnetization and the magnetization reversal mechanism on the training effect, although it is crucially important. Since the exchange bias is established through the FM/AFM interaction and thus is related to the FM magnetization, as pointed out above, the training effect should depend on the FM magnetization. Secondly, since the training effect is manifested during cycle measurements, it should be related to the magnetization reversal mechanism. The study has been hindered of the effect of the magnetization reversal mechanism on the training effect by the complexity of the FM magnetization reversal in common uniform-FM/uniform-AFM bilayers. Fortunately, it has been found that the domain structure can be controlled in wedged-FM/uniform-AFM bilayers. 8 In this letter we will study the magnetization effect on the exchange bias and its training effect for the wedged-FM/uniform-FeMn bilayers with FM materials Ni, permalloy (Ni 81 Fe 19 ), Ni 50 Fe 50 , Co, and Fe. It is intriguing that the exchange coupling energy J ex increases with increasing FM magnetization on a scale of J ex ϰͱM FM . The training effect is influenced by the FM magnetization and the magnetization reversal mechanism.
Large specimens (0.5ϫ5 cm 2 ) of Cu ͑30 nm͒/FeMn ͑15 nm͒/wedged-FM with FM materials Ni, permalloy͑Py͒, Ni 50 Fe 50 , Co, and Fe, were deposited onto Si͑100͒ substrates by dc magnetron sputtering. A 30.0-nm-thick Cu buffer layer was used to stimulate an AFM FeMn layer, which was made from an alloyed target of Fe 50 Mn 50 . Wedged FM layers were deposited on the FeMn layers. Each location on the sample along the wedge direction corresponds to a specific FM layer thickness. Finally a 30.0-nm-thick Cu capping layer was deposited to avoid oxidation. Each specimen was cut into many small pieces along the wedge direction. Before measurements, each small piece was cooled from a temperature above the Néel temperature of FeMn layer (170°C) to room temperature in an external magnetic field, which is aligned in the film plane and perpendicular to the wedge direction. A vibrating sample magnetometer was used to measure the room temperature hysteresis loops to determine the exchange field H E and the coercivity H C . Each scan of the hysteresis loop took about 15 minutes.
In experiments, we found that for all studied wedged-FM/FeMn bilayers, the exchange field H E is inversely proportional to the FM layer thickness t FM , which has been well understood. H C is also proportional to 1/t FM for both Py/ FeMn bilayers, as observed before, 8 and other FM/FeMn bilayers with FM layer thickness from 3 to 30 nm. Although the linear dependence was predicted theoretically by Stiles and McMichael, 9 it is specific to the FeMn material. The slope in H C versus 1/t FM depends on the FM material. Figure   a͒ Author to whom correspondence should be addressed; electronic mail: shimingzhou@yahoo.com APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 18 28 OCTOBER 2002 1 shows that for the wedged-Co/FeMn and wedged-Ni/FeMn bilayers, the switching fields, at which the magnetization is equal to zero, vary with the FM layer thickness asymmetrically. Because the switching fields of both descent and ascent branches change sharply with the FM layer thickness in wedged-FM ͑Fe, Ni, Ni 50 Fe 50 , and Py͒/FeMn bilayers, the magnetization reversal is suggested to be realized by a motion of a single domain wall along the wedge direction. 8 For Co/FeMn bilayers, however, the switching field of the ascent branch is almost constant for various FM layer thickness and sampling locations, while the switching field of the descent one changes sharply. In this way, the magnetization reversal process of the ascent branch is supposed to be accompanied by a multidomain structure in the Co/FeMn bilayers.
Using the relation H E t FM M FM ϭJ ex and the slope in H E versus 1/t FM , the exchange coupling energy J ex of various FM/FeMn bilayers can be obtained. Figure 2 shows that it increases with increasing magnetization. For example, J ex of Ni/FeMn bilayers is smaller than that of Fe/FeMn bilayers. Clearly, the magnetization dependence of the exchange coupling energy deviates from linearity and can be fitted by ͱM FM , that is, J ex ϭ␣ͱM FM . Despite the different crystalline structures of the FM layers and diverse exchange constants between FM and AFM spins, this relationship is qualitatively similar to that of specially designed Co-Ni/FeMn bilayers. 5 Apparently, the FM magnetization plays a more important role than the FM crystalline structure. Secondly, other factors, such as the FM crystal structure and the exchange constants at the FM/AFM interface, do influence the macroscopic exchange coupling energy because the value of the coefficient in Fig. 2 is different from that of Co-Ni/FeMn bilayers, as discussed below.
Actually, both the FM magnetization and the exchange constant between the FM and AFM spins will influence the exchange coupling energy. During the field cooling process, a surplus magnetization is suggested to be induced at the AFM surface by a local field and the external field. [10] [11] [12] This local field arises from the Heisenberg exchange interaction between AFM and FM spins, and is proportional to the FM magnetization and the exchange constant. The exchange constant between the FM and AFM spins is different for various FM materials. For example, the exchange constants of Ni-Fe and Ni-Mn at the FM/AFM interface are different from those of Fe-Fe and Fe-Mn. 13 Moreover, the surplus magnetization also depends on the AFM domain structure. The AFM domain structure is determined by the competition between the exchange constants inside the AFM layer and that between FM and AFM layers. After field cooling, the surplus magnetization causes and controls the FM/AFM exchange biasing. Therefore, the exchange coupling is determined by the exchange constant between FM and AFM spins, the FM magnetization, and the domain structure of the FeMn layer.
Because the training effect of the exchange field strongly depends on the AFM layer thickness, 7 all the samples were designed to have the same AFM thickness of 15.0 nm. Our experiments showed that the training effect is independent of the FM layer thickness, the results will be published elsewhere. This is because the exchange constant between AFM and FM spins, the domain structure and the uniaxial anisotropy of the AFM layer are independent of the FM layer thickness. Therefore, the training effects of samples with different FM layer thickness are comparable. Figure 3 shows the representative hysteresis loops of the training effect for the wedged-Co/FeMn and wedged-Ni/FeMn bilayers. For all samples, the switching field of the descent branch shifts more sharply than that of the ascent branch, demonstrating the asymmetry of the magnetization reversal. One can find that the switching field of the right branch in the wedged-Ni/ FeMn bilayers moves towards the right side, but shifts little for the wedged-Co/FeMn bilayers. It is interesting to find that this coincides with the dependence of the switching field on the FM layer thickness in Fig. 1 . It is also instructive to compare the features of the training effect for the wedgedNi/FeMn and uniform-Py/FeMn bilayers.
14 For the latter, the switching field of the right branch was found to move towards the left side with consecutive cycle measurements. This is consistent with their difference in magnetization reversal mechanisms. For the uniform-Py/uniform-FeMn bilayers, the magnetization reversal process is accompanied by the occurrence of numerous domains, while the magnetization reversal in the wedged-Ni/FeMn bilayers might be realized by a motion of a single domain wall. Therefore, the training effect is related to the magnetization reversal mechanism.
With consecutive loop measurements, the exchange field H E initially decreases rapidly and then varies slowly. Finally it approaches a constant. Its variation can be fitted to an exponential function e Ϫn/n 0 , where n and n 0 are the cycle number and a parameter, respectively. Here, we define a relative change of the exchange field ⌬H E /H E (0)ϭ͓H E (0) ϪH E (ϱ)͔/H E (0), where H E (0) and H E (ϱ) are the fitted values of the exchange field at nϭ0 and nϭϱ, respectively. Figure 4 shows the dependence of the relative change on the magnetization for various FM/FeMn bilayers. Except for the Co/FeMn bilayers, ⌬H E /H E (0) decreases with increasing magnetization in a sequence of Ni, Py, Ni 50 Fe 50 , and Fe. For example, the relative change of the Ni/FeMn bilayer is larger than that of the Fe/FeMn bilayer. The general trend of variation of the relative change can be ascribed to an effect of the FM magnetization, because these samples have similar magnetization reversal mechanisms and features of the training effect. In this case, the FM magnetization plays a major role in the training effect. The shrinkage of the exchange field in a given FM/AFM bilayer symbolizes a decay of the AFM surplus magnetization with consecutive cycle measurements. Therefore, although the AFM surplus magnetization increases with increasing FM magnetization, its decay decreases with increasing FM magnetization. The effect of the FM/AFM exchange contants cannot be excluded. Because at the FM/AFM interface, the exchange constants of the Ni layer and the Fe-Mn layer spins are larger than those between the Fe layer and the Fe-Mn layer spins, 13 the relative change will increase with increasing FM/AFM exchange constants. For Co/FeMn bilayers, the relative change of the Co/FeMn bilayer deviates from the general trend. This coincides with its different magnetization reversal mechanism and feature of the training effect ͑see Figs. 1 and 3͒ . The training effect of the exchange coupling is suggested to be related to both the FM magnetization and the magnetization reversal mechanism. In this way, the effect of the magnetization reversal mechanism should be taken into account in the theoretical model of the training effect.
In summary, we have studied the exchange coupling and its training effect with variation of FM magnetization by using various FM/FeMn bilayers with FM materials Ni, Ni 50 Fe 50 , Py, Co, and Fe. The dependence of the exchange coupling energy on the FM magnetization varies as ͱM FM .
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